The adipose tissue-derived hormone leptin regulates body weight homeostasis by decreasing food intake and increasing energy expenditure. The weight-reducing action of leptin is thought to be mediated primarily by signal transduction through the leptin receptor (LR) in the hypothalamus. We have used immunohistochemistry to localize LR-immunoreactive (LR-IR) cells in the rat brain using an antiserum against a portion of the intracellular domain of LR that is common to all LR isoforms. The antiserum recognized the short and long isoforms of LR in transfected hematopoietic BaF3 cells. To examine the chemical nature of target cells for leptin, direct double-labeling immunofluorescence histochemistry was applied. The results show extensive distribution of LR-like immunoreactivity (LR-LI) in the brain with positively stained cells present, e.g., in the choroid plexus, cerebral cortex, hippocampus, thalamus, and hypothalamus. In the hypothalamus, strongly LR-IR neurons were present in the supraoptic nucleus (SON) and paraventricular nucleus (PVN), periventricular nucleus, arcuate nucleus, and lateral hypothalamus. Weaker LR-IR neurons were also demonstrated in the lateral and medial preoptic nuclei, suprachiasmatic nucleus, ventromedial and dorsomedial nuclei, and tuberomammillary nucleus. Confocal laser scanning microscopy showed LR-LI in the periphery of individual cells. In magnocellular neurons of the SON and PVN, LR-LI was demonstrated in vasopressin-and oxytocin-containing neurons. In parvocellular neurons of the PVN, LR-LI was demonstrated in many corticotropin-releasing hormone-containing neurons. LR-IR neurons were mainly seen in the ventromedial aspect of the arcuate nucleus, where LR-LI co-localized with neuropeptide Y. In the ventrolateral part of the arcuate nucleus, LR-LI was present in many large adrenocorticotropic hormone-IR proopiomelanocortin-containing neurons and in a few galanin-, neurotensin-, and growth hormone-releasing hormonecontaining neurons. In the dorsomedial arcuate nucleus, few tyrosine hydroxylase (dopamine)-containing neurons were seen to have LR-LI. Melanin-concentrating hormone-containing neurons in the lateral hypothalamus had LR-LI. Based on the immunohistochemical results, possible interactions of leptin with brain mechanisms are discussed.
The recently cloned obese (ob) gene encodes a circulating signaling factor called leptin produced by adipocytes that regulates body weight homeostasis (Z hang et al., 1994b) . The crystal structure of leptin has revealed a four-helix bundle similar to that of the long-chain helical cytokine family (Z hang et al., 1997) . Homozygous ob/ob mice that have a mutation in the ob gene exhibit obesity, diabetes, and infertility. E xogenous administration of recombinant leptin corrects the defects in ob/ob mice and induces weight reduction in mice with diet-induced obesity as well as in normal mice by decreasing food intake and increasing energy expenditure Halaas et al., 1995; Pelleymounter et al., 1995; Stephens et al., 1995) . Injection of leptin directly into the third ventricle reduces body weight at low doses (Campfield et al., 1995) , suggesting that leptin acts primarily via the C NS.
Mutations in the mouse diabetes (db) gene results in a phenotype indistinguishable from ob/ob mice (Hummel et al., 1966) .
Results from parabiosis studies using ob/ob and db/db mice (Coleman, 1973) , together with the demonstration of failure of db/db mice to respond to injection of leptin and the high levels of leptin in adipose tissue combined with high serum levels of leptin in db/db mice (Campfield et al., 1995; Halaas et al., 1995) , indicate that db/db mice may be defective in reception of the ob gene product signal. Recently, the gene for mouse leptin receptors (LR) was cloned and shown to be mutated in db/db mice (Tartaglia et al., 1995; Chen et al., 1996; Lee et al., 1996) . LR is a single transmembrane-spanning receptor and a member of the cytokine receptor superfamily that includes the gp130 signaltransducing component of the receptors for interleukin-6, granulocyte colony-stimulating factor, and leukemia-inhibitory factor (Tartaglia et al., 1995) . Four different LR (originally designated Ob-Ra-d) variants arise from the db gene via alternate splicing (Lee et al., 1996) . A fifth isoform represents a soluble form of the receptor (Lee et al., 1996) . One of the splice variants (LR isoform b), which has a long cytoplasmic domain of 302 amino acids, is expressed primarily in the hypothalamus and is spliced abnormally in C57BL/Ks db/db mice (Chen et al., 1996; Ghilardi et al., 1996; Lee et al., 1996) . The C57BL/Ks db/db mutation generates a new splice donor that interferes with the correct splicing of LR isoform b mRNA and is predicted to cause absence of the LR isoform b protein in db/db mice (Lee et al., 1996) . The intracel-lular domain of short LR isoform a, which is present in db/db mice, contains the box 1 motif but lacks the box 2 motif, required for activation of cytoplasmic tyrosine kinases of the janus kinase (JAK) family (Chen et al., 1996; Lee et al., 1996) . JAKs phosphorylate cytoplasmic target proteins such as signal transducers and activators of transcription (STAT). Phosphorylation of STAT proteins induces dimerization and translocation into the nucleus and results in specific activation of gene transcription (Ihle, 1996) . The short form of LR present in db/db mice is therefore unable to activate the JAK-STAT pathway (Baumann et al., 1996; Ghilardi et al., 1996; Ghilardi and Skoda, 1997) .
The weight-reducing effects of leptin are likely to be mediated by JAK-STAT signal transduction via LR in the hypothalamus. Specific 125 I-leptin binding sites have been demonstrated in the hypothalamic arcuate nucleus-median eminence complex and in the choroid plexus (Banks et al., 1996) . LR mRNA is present in several hypothalamic nuclei, including the arcuate, paraventricular, supraoptic, ventromedial, and dorsomedial nuclei and lateral hypothalamic area, as revealed by in situ hybridization (Håkans-son et al., 1996; Huang et al., 1996; Mercer et al., 1996a,b; Fei et al., 1997) . Because chemical lesioning of the hypothalamic arcuate nucleus results in severe obesity (see Meister, 1991) , this nucleus has been assumed to play a major role for the action of leptin on the C NS. Within the arcuate nucleus, LR mRNAexpressing neurons are primarily present in the ventromedial part, and they have been shown to contain neuropeptide Y (NPY) mRNA (Håkansson et al., 1996; Huang et al., 1996; Schwartz et al., 1996a; Mercer et al., 1996a,b) .
So far, the precise cellular localization of LR at the protein level has not been reported, and the chemical identities of neurons expressing LR protein have only been defined to a very limited extent. The neurotransmitters and neuropeptides that mediate the actions of leptin are not known. Knowledge of the cellular localization of LR and the chemical content of LRcontaining neurons is essential for the understanding of the mechanism by which circulating leptin induces weight reduction via the C NS. In the present study we have used immunohistochemistry to elucidate the cellular localization of LR-like immunoreactivity (LR-LI) in the rat hypothalamus and to identify the chemical nature of LR-immunoreactive (LR-IR) hypothalamic neurons with emphasis on chemical messengers that have been implicated previously in the regulation of ingestive behavior.
MATERIALS AND METHODS
Male Sprague Dawley rats (150 -200 g body weight; B & K Universal, Stockholm, Sweden) were anesthetized with sodium pentobarbital (Mebumal; 40 mg / kg, i.p.) and perf used via the ascending aorta with 50 ml of C a 2ϩ -free T yrode's solution (37°C) followed by 50 ml of formalinpicric acid fixative (37°C) (4% paraformaldehyde and 0.4% picric acid in 0.16 M phosphate buffer, pH 6.9). Perf usions were continued thereafter for 6 min with ice-cold fixative as above. Some rats received an injection of colchicine (120 g in 20 l of 0.9% NaC l; Sigma, St. L ouis, MO) into the lateral ventricle 24 hr before sacrifice. Colchicine is known to arrest axonal transport, thereby increasing levels of transmitters, enzymes, and peptides and proteins in the cell soma.
Tissues were dissected out rapidly, post-fixed in the same fixative for 90 min, and rinsed for at least 24 hr in 0.1 M phosphate buffer, pH 7.4, containing 10% sucrose, 0.02% Bacitracin (Sigma), and 0.01% sodium azide (Merck, Darmstadt, Germany) in 0.1 M phosphate buffer, pH 7.4. Sections were cut (14 m) in a cryostat and incubated at 4°C overnight with goat polyclonal antiserum to LR (antiserum sc-1834, lot G116, diluted 1:1000; Santa Cruz Biotechnology, Santa Cruz, CA). Antiserum sc-1834 has been raised to an epitope corresponding to amino acids 877-894 (K NC SWAQGL N FQK RTDTL) mapping at the C terminus of the short form of mouse LR. The mouse immunogen peptide sequence shows 94% homology with the rat sequence (one amino acid mismatch).
BaF3 cells stably transfected with LR expression constructs were grown as described previously (Ghilardi and Skoda, 1997) , fixed in 4% paraformaldehyde and 0.4% picric acid in 0.16 M phosphate buffer, pH 6.9, and incubated with primary antiserum to LR. Sections were also double-labeled by combining goat antiserum to LR (diluted 1:500 for double-labeled sections) with mouse monoclonal antibodies to adrenocorticotropic hormone (AC TH; 1:1,000; Peninsula Laboratories, Belmont, CA) or rabbit antiserum to oxytocin (OT; 1:1600; Peninsula Laboratories), corticotropin-releasing hormone (CRH; 1:1600; a kind gift from Dr. W. Vale, The Salk Institute, La Jolla, CA), galanin (GAL; 1:800; Peninsula Laboratories), growth hormone-releasing hormone (GHRH; 1:4000; a kind gift from Dr. W. Vale), luteinizing hormone-releasing hormone (L HRH; 1:1000; IncStar, Stillwater, M N), melanin-concentrating hormone (MCH; 1:800; a kind gift from Dr. W. Vale), N PY (1:400; Peninsula Laboratories), neurotensin (N T; 1:800; a kind gift from Dr. P. Frey, Sandoz Research Institute, Bern, Switzerland), somatostatin (SOM; 1:800; a kind gift from Dr. R. Elde, University of Minnesota, Minneapolis, M N), tyrosine hydroxylase (TH; 1:800; a kind gift from Dr. M. Goldstein, New York University Medical C enter, New York, N Y), or vasopressin (V P; 1:6000; a kind gift from Dr. A. Burlet, Institut National de la Santé et de la Recherche Médicale). Some sections were incubated with antiserum to LR that had been preadsorbed with the immunogen peptide (Santa Cruz Biotechnology) at 10 Ϫ6 M. After rinsing in PBS, the sections were incubated for 30 min at 37°C with C y3-conjugated donkey anti-goat secondary antibodies (final dilution, 1:250; Jackson ImmunoResearch, West Grove, PA).
For the double-stained sections, lissamine -rhodamine-conjugated donkey anti-goat (1:80; Jackson ImmunoResearch) and fluorescein isothiocyanate (FI TC)-conjugated donkey anti-rabbit or donkey anti-mouse antibodies (1:80; Jackson ImmunoResearch) were used. After rinsing in PBS, the sections and culture slides were mounted in a mixture or PBS and glycerol (1:3) containing 0.1% p-phenylenediamine.
The sections and cells were examined with a Nikon Microphot-SA epifluorescence microscope. Specimens were also examined with a BioRad (C ambridge, M A) MRC -600 confocal imaging system. As excitation source a krypton -argon ion laser (model 5470K ; Ion Laser Technology, Salt Lake C ity, UT) with output at 488, 568, and 647 nm was used. FI TC was imaged with 488 nm excitation and a 505-540 nm bandpass emission filter. Lissamine -rhodamine B-and C y3-labeled tissue was imaged with 568 nm excitation and a 598 -621 nm bandpass emission filter. The images shown are the results of one optical section. The images were printed using a Tektronix Phaser IIsd printer.
RESULTS
To asses the specificity of the LR antibodies, we performed immunofluorescence on transfected cell lines expressing LR and nontransfected control cells. Incubation of a mouse hematopoietic cell line, BaF3, transfected with the long or short LR variants 
(B, D). Strong LR-LI is present in the periphery of cells in the choroid plexus ( A).
In the arcuate nucleus (Arc), strong LR-LI is seen mainly in the ventromedial part of the nucleus but also in some neurons belonging to the dorsomedial and ventromedial part. Weaker LR-LI is present in the ventromedial nucleus (V MN ). Note total absence of LR-LI in sections incubated with preadsorbed antiserum. ME, Median eminence; 3v, third ventricle. Scale bars, 50 m.
with antiserum to LR resulted in strong staining ( Fig. 1 A,B) , whereas the nontransfected control BaF3 cells were devoid of LR-LI (Fig. 1C) . However, the nontransfected control BaF3 cells showed very weak autofluorescence (Fig. 1C) .
LR-IR neurons were distributed widely in the rat brain. Incubation of sections from rat brain, including interalia choroid plexus, cerebral cortex, thalamus, and hypothalamus, with LR antiserum preabsorbed with control peptide, corresponding to amino acids 877-894 mapping at the C terminus of LR of mouse origin, abolished all immunoreactivity (Fig. 2 A-D) . Strongly LR-IR neurons were demonstrated in the layers II-VI of the cerebral cortex (Fig. 3A) . Within individual pyramidal neurons, LR-LI was located in the periphery of the cell (Fig. 3B) . LR-IR neurons were distributed in CA1-3 and the dentate gyrus of the hippocampus (Fig. 3C ). Many LR-IR neurons were also distributed in the thalamus and brainstem nuclei (data not shown). Many nuclei of the hypothalamus contained LR-IR neurons. In the rostral forebrain and in the preoptic area, moderately strong LR-LI was demonstrated in neurons of the medial preoptic area, lateral preoptic area, and the organum vasculosum of lamina terminalis. In the anterior hypothalamus, the periventricular nucleus contained moderately strong LR-IR neurons (Fig. 4 A) . Weak LR-LI was seen in many cells of the suprachiasmatic nucleus (Fig. 4 A) . Most magnocellular neurons of the SON (Figs.  4 A,B , 5, 6A) and the PV N (Figs. 4 A, 6C ) as well as accessory magnocellular neurons (Fig. 4 A) were all strongly LR-IR. Within individual neurons of the SON, LR-LI was confined to the periphery of the neurons, as revealed by confocal scanning laser microscopy ( Fig. 5) . Parvocellular neurons of the PV N had strong LR-LI (Figs. 4 A, 7A) . At midhypothalamic levels, strongly LR-IR neurons could be seen in the caudal extension of the SON (Fig.  4 B) . Strong LR-LI was present in neurons of the arcuate nucleus, in particular in small neurons of the ventromedial aspect of the nucleus, but also in some larger neurons in the ventrolateral part (Figs. 4 B, 8A ,C, 9A,C, 10A,C, 11C,E). Weak LR-LI was seen in many neurons of the ventromedial and dorsomedial nuclei (Figs. 4 B, 8A, 9A, 11C). The lateral hypothalamus contained many large neurons with strong LR-LI (Figs. 4 B, 12A,C) . At posterior hypothalamic levels, strongly LR-IR neurons were again seen in the arcuate nucleus and lateral hypothalamus, whereas the tuberomammillary nucleus had only weakly LR-IR neurons (data not shown).
Direct double-labeling showed that LR-LI was present in many OT-containing (Fig. 6, compare A with B) and VP-containing (compare Fig. 6 , compare C with D) magnocellular neurons of the SON and PVN. Few, if any, LHRH-containing neurons showed LR-LI (data not shown). Parvocellular neurons of the PVN that were LR-IR also contained CRH-LI (Fig. 7, compare A with B) . LR-IR and NPY-containing neurons were both located in the ventromedial aspect of the arcuate nucleus (Fig. 8, compare A  with B) . At higher magnification, it was seen that LR-LI was present in many NPY neurons (Fig. 8, compare C with D) . In the ventrolateral part of the arcuate nucleus, many large LR-IR neurons were demonstrated to contain ACTH-LI (Fig. 9, compare A,C with B,D) . Few small neurons in the dorsomedial part of the arcuate nucleus contained LR-LI, and some of these were TH-positive (Fig. 10, compare A with B) . Few parvocellular neurons in the ventrolateral part of the arcuate nucleus showed LR-LI, and in some instances these were found to be GAL-IR (Fig. 10, compare C with D) , NT-IR (data not shown), and GHRH-IR (Fig. 11, compare C,E with D,F ) . LR-positive, GHRH-negative cells, however, were also encountered (Fig. 11 , compare E with F ). Some LR-IR cells in the anterior periventricular nucleus were also SOM-IR (Fig. 11, compare A with B) . In the lateral hypothalamus, strongly LR-IR cells also contained MCH-LI (Fig. 12, compare A,C with B,D) , however, LR-IR cells that did not contain MCH-LI also could be seen (Fig. 12 , compare C with D).
DISCUSSION
Our results show presence of LR-LI in neurons of the hypothalamus as well as in other brain regions such as the cerebral cortex, hippocampus, thalamus, and brainstem and in cells of the choroid plexus. This distribution pattern is in agreement with the recently described distribution of LR mRNA, as shown by in situ hybridization (Håkansson et al., 1996; Huang et al., 1996; Mercer et al., 1996a) . In the hypothalamic arcuate nucleus, LR-LI was mainly present in the ventromedial part, where 125 I-leptin binding sites also have been demonstrated (Banks et al., 1996) . The specificity of the antiserum used in our study was verified by complete elimination of LR-LI after preadsorption of the antiserum with the immunogen peptide. Furthermore, we detected positive staining of BaF3 cells stably transfected with either short or long LR variants and absence of staining in the control BaF3 cells. Confocal laser scanning microscopy revealed LR-LI in the cell periphery, in agreement with the fact that the antiserum was raised against a part of the intracellular domain of LR.
Because the antiserum is generated against a peptide that is common to all isoforms, including the long form of the receptor (LR isoform b), it is expected to recognize LR isoforms a-d. Thus, the antiserum should not discriminate between different LR isoforms, which also was supported by the fact that the antiserum recognized both long and short variants in transfected BaF3 cells. Using in situ hybridization with probes common to the short intracellular domain and with probes specific for the long splice variant, hybridization has been observed in the hypothalamus (Håkansson et al., 1996; Mercer et al., 1996a; Fei et al., 1997) . However, probes to the long LR give only minimal labeling in choroid plexus (Håkansson et al., 1996; Mercer et al., 1996a) . Reverse transcription-PCR analysis also has shown that the long LR is detected primarily in the hypothalamus (Lee et al., 1996) . Taken together, these results suggest that the short form of the LR (mainly LR isoform a) is expressed in the choroid plexus, whereas the long LR form dominates in the hypothalamus. However, it remains to be shown that the extensive distribution of LR in the hypothalamus represents the active full-length receptor variant. Therefore, it will be interesting to use antisera specific for the long LR in future immunohistochemical experiments.
Evidence supports the fact that the long LR isoform is the principal mediator of the effect of leptin. The short LR isoform was inactive in generating a proliferative signal and JAK activation in BaF3 cells, a factor-dependent hematopoietic cell line, whereas the long isoform was able to generate both a proliferative signal and to activate JAK2 (Ghilardi and Skoda, 1997) . Furthermore, despite the presence of short LR isoforms, db/db mice are resistant to leptin. The role of short LR isoforms is unclear at present. Alternative splice variants resulting in proteins with truncated cytoplasmic domains are found commonly among members of the cytokine receptor superfamily, including i.a. receptors for prolactin and GH (Boutin et al., 1989; Fukunaga et al., 1990; Vigon et al., 1992) . Also for these receptors, the physiological relevance for the existence of truncated receptor variants is unknown.
The hypothalamic arcuate nucleus may be a main target of circulating leptin. When monosodium glutamate (MSG) is given to neonatal animals, 80 -90% of the neurons in the adult arcuate nucleus are eliminated, and a syndrome including massive obesity is seen (see Meister, 1991) . Neurons in the ventromedial part of the arcuate nucleus, in which receptors for leptin and NPY neurons primarily are present, are absent in MSG animals (see Meister, 1991 Immunofluorescence photomicrographs of sections from two different levels of the rat hypothalamus after incubation with antiserum to LR. In the anterior hypothalamus, strong LR-LI is present in the magnocellular supraoptic nucleus (SON ) and paraventricular nucleus (PV N ). Weaker LR-IR cells are also encountered in the parvocellular PV N and in the periventricular nucleus (Pe). At a midhypothalamic level, strong LR-LI is present in the arcuate nucleus (Arc), the caudal extension of the SON, and the lateral hypothalamus (LH ). Weaker LR-LI is seen in the ventromedial nucleus (VMN ). f, Fornix; ME, median eminence; 3v, third ventricle. Scale bar, 100 m. the arcuate nucleus. When 125 I-leptin is injected intravenously, the protein is transported across the blood-brain barrier (BBB) at a rate 20 times faster than albumin, and ϳ75% of extravascular 125 I-leptin in brain crosses the BBB completely to reach brain parenchyma (Banks et al., 1995) . Autoradiographic data have shown binding of 125 I-leptin in the arcuate nucleus-median eminence complex, but outside of this region uptake of 125 I-leptin is diff use (Banks et al., 1996) . Because the median eminence was labeled with 125 I-leptin, it is likely that leptin reaches the cells in the arcuate nucleus via the median eminence, a structure that belongs to the circumventricular organs, i.e., regions known to lack a BBB. Furthermore, there is evidence that the ventral but not the dorsal part of the arcuate nucleus lacks a BBB (Shaver et al., 1992) . It is possible therefore that the leptin secreted exclusively from adipocytes is transported to the brain via the general circulation and acts on LR located in the ventromedial arcuate nucleus devoid of BBB. Leptin also may traverse through the median eminence via specialized ependymal cells, the so-called tanycytes, into the third ventricle and thereafter reach other brain regions as well as the choroid plexus. Although LR is present in many other hypothalamic nuclei, it is possible that accessability to LR in the arcuate nucleus plays a crucial role. It has been speculated that reduced entry of leptin into the brain may be one of the mechanisms underlying reduced sensitivity to leptin in obese individuals (see C ampfield et al., 1995) .
The double-labeling experiments showed co-localization of LR-and N PY-LI in the same arcuate neurons, in agreement with results showing co-localization LR and N PY at the mRNA level in the arcuate nucleus (Håkansson et al., 1996; Mercer et al., 1996b) . The N PY neurons in the arcuate nucleus have been demonstrated to project to the PV N (Bai et al., 1985) . Because NPY is a positive regulator of feeding behavior, particularly of carbohydrates (C lark et al., 1984; Stanley et al., 1986) , it has been suggested that NPY is an important mediator of the action of leptin in the CNS (see Rohner-Jeanrenaud et al., 1996) . In support of this view are results showing that recombinant leptin inhibits hypothalamic NPY gene expression (Stephens et al., 1995; Schwartz et al., 1996a,b) and NPY secretion (Stephens et al., 1995) . Leptin also inhibits expected feeding after NPY administration, suggesting that leptin determines the sensitivity of the feeding response to exogenous NPY (Smith et al., 1996) . Further evidence for a connection between leptin and NPY neurons is that LR and NPY mRNA levels in the arcuate nucleus are higher in ob/ob mice compared with lean littermates, and both LR and NPY mRNA are downregulated in the arcuate nucleus after leptin administration (Stephens et al., 1995; Schwartz et al., 1996a,b; Mercer et al., 1997) . On the other hand, NPY-deficient mice have normal weight and respond to peripheral administration of leptin (Erickson et al., 1996a) . These latter observations would indicate that, in addition to NPY, other mediators may play important roles in mediating leptin action. However, generation of ob/ob mice (leptin-deficient) that also are deficient for NPY show that NPY is a central effector of leptin deficiency (Erickson et al., 1996b) . In the absence of NPY, ob/ob mice are less obese because of reduced food intake and increased energy expenditure and are affected less severely by diabetes, sterility, and somatotropic effects (Erickson et al., 1996b) .
The presence of LR in proopiomelanocortin (POMC) neurons of the arcuate nucleus is interesting. POMC-derived peptides such as ␤-endorphin (see Sanger, 1981) and melanocytestimulating hormone (melanocortin) (see below) have been shown to be effectors of feeding and therefore may be important mediators of leptin on the CNS. Similar to the NPY neurons, the large POMC-containing neurons of the arcuate nucleus show rich projections to the PVN (see Everitt et al., 1986) . That NPY and POMC neurons project to the PVN suggest that the arcuate neurons, which may be located outside of the BBB (see above), both operate via the PV N to reduce food intake. The large POMC -containing neurons in the ventrolateral arcuate nucleus contain N PY-Y1 receptor-LI (Z hang et al., 1994a) , which suggests an interaction between N PY and POMC neurons within the arcuate nucleus. N PY stimulates hypothalamic ␤-endorphin release (Kalra et al., 1995) .
LR-LI was also demonstrated in some parvocellular neurons of the dorsomedial and ventrolateral arcuate nucleus. These neurons are known to project to the external layer of the median eminence and to influence the secretion of anterior pituitary hormones. Such neurons have been shown to co-contain a large number of neurotransmitters and peptides, including GHRH, GAL, neurotensin, tyrosine hydroxylase, GABA, and acetylcholine (see Meister, 1993) . Both GAL (Tempel et al., 1985) and GHRH (Vaccarino et al., 1985) are peptides that affect feeding behavior.
An interaction of leptin with the hypothalamo-pituitary-adrenal axis is supported by our demonstration of LR-LI in CRHcontaining neurons in the parvocellular part of the PVN. Leptin administered into the third ventricle of lean rats caused an increased CRH gene expression in the PVN (Schwartz et al., 1996b) . Because CRH inhibits feeding when administered intrac- erebroventricularly (Kaiyala et al., 1995; Schwartz et al., 1994) , this indicates that the weight-reducing effect of leptin may be mediated in part via an increased CRH expression. The present morphological results give f urther support for an interaction between leptin and parvocellular CRH neurons of the PVN but suggest also that LR is co-localized with GAL in the parvocellular PV N, because CRH and GAL are present in the same cells in this region (C eccatelli et al., 1989) .
Using differential display PCR, the mRNA encoding the neuropeptide MCH has been shown to be overexpressed in the hypothalamus of ob/ob mice (Qu et al., 1996) . Fasting increased expression of MCH mRNA in both normal and obese animals (Qu et al., 1996) . The neurons containing MCH are located exclusively in the zona incerta and lateral hypothalamus (Skofitsch et al., 1985) , regions known to be involved in regulation of ingestive behavior. Injection of MCH into the lateral ventricle of rats resulted in increased food consumption (Qu et al., 1996) . Taken together, these findings suggest that MCH participates in hypothalamic regulation of body weight. Our results show that LR-LI is present in many MCH-containing neurons in the lateral hypothalamus and would suggest that MCH is also a mediator of the action of leptin to induce reduction of body weight via the CNS.
Apart from being massively obese and having diabetes, ob/ob mice exhibit infertility with male mice having low levels of testosterone and female mice showing delayed ovulation. When fasted mice were treated with leptin, these abnormalities were reversed (Ahima et al., 1996) . Administration of leptin to female ob/ob mice restored reproductive function to near normal, and mice became pregnant and carried litters to term successfully (Chehab et al., 1996) . Because our results showed few if any neurons having both LR-and LHRH-LI, the effect of leptin on the reproductive system may be related to a direct action on the gonads or an indirect effect on the pituitary rather than the hypothalamus via LHRH neurons. LR mRNA has been detected in the ovary, testis, and pituitary (Zamorano et al., 1996) . However, negative results should be treated with caution, and it cannot be excluded that low levels of LR-LI are present in LHRH neurons. Furthermore, a role via other hypothalamic messengers is also possible. The presence of strong LR-LI in VP-and OT-containing neurons suggests that leptin, apart from being a central regulator of food intake, also may affect neurons that have well known functions in regulation of fluid balance and smooth muscle contractility.
In conclusion, this study shows wide distribution of LR-LI in the brain, in agreement with the earlier studies on LR mRNA. LR-LI is present in neurons that have been shown to be impor- Immunofluorescence photomicrographs of sections of the periventricular nucleus (A, B) and arcuate nucleus (Arc) (C-F) after direct double labeling combining antiserum to LR (A, C, E) with antiserum to somatostatin (SOM ) (B) or growth hormone-releasing hormone (GHRH ) (D, F ). Some LR-IR cells of the periventricular nucleus are SOM-positive (arrows). LR-IR neurons are distributed mainly in the ventromedial part of the Arc, whereas GHRH-containing neurons are mainly present in the ventrolateral part (C, D). Some neurons in the far ventrolateral part contain both LR-and GHRH-LI (small arrows in C, D). There are many LR-IR neurons that are GHRH-negative (small arrows in E, F ) and many GHRH-positive neurons that are LR-negative. Few neurons contain both LR-and GHRH-LI (large arrow in E, F ). ME, Medan eminence; 3v, third ventricle. Scale bars, 50 m. 
